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This paper describes the modelling of a direct-fired annealing furnace during a change in the type of coil 
passed through the furnace. This work is designed to indicate to the operators the appropriate new parameter 
settings, such as the speed of the line and the frow rates for the gas. Results of the mathematical model 
designed for this process are compared against real data from the line, and these results confirm the predictive 
capacity and accuracy of the model. 
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1. Introduction 
The annealing furnaces on galvanizing lines have the dual 
function of cleaning the strip of surface contaminants and 
providing a specified heat treatment. A diagram of a 
typical coating line is shown in Figure 1. Heat transfer to 
the strip is via radiation and convection from the gases in 
the furnace, and there is much interaction between the 
strip, gas, and wall. Most of the heating occurs in the 
direct-fired furnace (DFF), where the gas is a mixture of 
natural gas and air with a stoichiometric ratio of approxi- 
mately 10: 1. The gas burners in the DFF are arranged 
axisymmetrically to ensure a uniform heating of the strip 
surface, and these burners are arranged into zones, with the 
zones toward the base of the furnace having approximately 
50 burners each. Flames are absent from the furnace 
because the flame is completely consumed within the 
burner cup. When a zone is not in use, nitrogen is injected 
to keep the burner cups cool. 
The direct-fired furnace on BHP’s No. 2 continuous 
galvanizing line is approximately 12 m high, 2 m wide and 
0.5 m deep. The strip enters the furnace at approximately 
room temperature, or if the preheater is in use at a 
temperature up to 200°C. The radiation and convection 
from the gas and the radiation from the wall heat the strip, 
and the strip exits the furnace at a temperature of approxi- 
mately 400-700°C depending on the degree of anneal that 
is required. After leaving the direct-fired furnace, the steel 
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is held near the exit temperature in the following furnace 
until it is galvanized. A diagram of a typical DFF is shown 
in Figure 2. Wang’ describes in more detail the role of the 
direct-fired furnace in the heating of steel strip. 
Each new coil is likely to have a different section (i.e., 
a different thickness or width) from the previous coil. 
Sometimes, the new coil needs to be heated to a different 
temperature from the previous one, because the customer 
may desire that the new coil have different metallurgical 
properties. Deriving a mathematical model to control the 
transients that occur in such a change is a fundamental 
problem for the steel industry. When a section change or a 
cycle change (i.e., a change in the heat treatment) occurs, 
the timing and the size of the adjustments to the furnace 
parameters-especially the speed of the line and the flow 
rates of the gas-is crucial. If there are errors made with 
the new settings, then the new coil may be treated improp- 
erly and will not meet the customer’s requirements for the 
steel. The present mathematical model is designed to indi- 
cate to the line operators both the timing and the size of 
the change in the furnace parameters in relation to the 
distance of the weld from the furnace. This model, com- 
bined with other on-line models, will assist in minimizing 
the amount of “nonprime first time” steel produced, 
contributing to substantial savings in the cost of lost 
product for BHP. 
The literature contains many mathematical models of 
different types of furnaces incorporating many similarities 
between these and the direct-fired annealing furnace. 
Among these, Chapman et a1.,2 in a recent paper on a 
direct flame-fired continuous furnace, using a parametric 
study, find similar operating conditions using a parametric 
study to those of a direct-fired annealing furnace. Simi- 
larly, Tucker and Lorton3 describe a model for a load-re- 
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Figure 1. Diagram of a galvanizing line. 
cuperative gas-fired furnace, but the main emphasis of 
their paper is the efficiency of the furnace. Others, such as 
van Dongen4 use a semiempirical model of a gas flame- 
fired furnace, with an emphasis on how differences in 
furnace parameters affect the heat flux in the furnace. 
The background work for the present model includes 
the development of a steady-state model for a direct-fired 
furnace. The quantitative study described in Thompson and 
Martire’ led to the formation of the steady-state model6 
with the accompanying computer program.’ This program 
is installed on the computer on BHP’s No. 2 galvanizing 
line but has not been tuned. Somers et al.’ derived a 
simpler steady-state model for an annealing furnace, the 
results of which were confirmed by Somers and Pallone.’ 
Many of the assumptions used in these papers are similar 
to those on which these BHP models are based. The 
transient model for the furnace was first considered by 
F:=lcc&r 
Figure 2. Diagram of a direct-fired furnace. 
Jenkins,” and it is from this and the BHP models that the 
present transient model was developed. 
2. Model equations 
The set of equations describing the furnace is given below. 
Equations (1) and (2) use a control volume method on the 
strip and the gas, whereas equation (3) is the simple 
one-dimensional Fourier heat conduction equation for the 
wall. The equations are 
(1) 
k( ha, - hg)-Qgs-Qgw 
4 wg d, cPg (2) 
a2Tw aT, 
K”ayZ=at (3) 
where 
Q,, = (YT,~ + pT,4 + yT,4 +H,(T, - T,) 
Qp = /_LT,~ + VT; + tT,4 + H,(T, - T,) 
Equation (1) describes the variation of the strip tempera- 
ture with time, equation (2) the gas temperature, and 
equation (3) the wall temperature. Heat transfer by radia- 
tion in the furnace is confined to the plane normal to the 
direction of strip motion. The Greek letter coefficients in 
the flux terms Qgs and QgW include values of the Stefan- 
Boltzmann constant, radiation shape factors, and emissivi- 
ties. The H coefficients represent the convection heat 
transfer coefficients and include the Reynolds and Prandtl 
numbers. In fact, 
Qgs =f's&s + 4s -4) 
Qp =f’w(&, +a., -4) 
where the P terms are the cross-sectional perimeters of the 
strip and the wall. The B terms represent the radiation 
transfer from one surface to another, and the q terms 
describe the effect of convection due to the flow of the 
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gases. The exact values for these terms can be found in 
Thompson and Martire, Martire,’ and Marlow.” 
Boundary conditions are required for the strip at the top 
of the furnace (i.e., the entry end), the gas at the base (or 
boot) of the furnace, and for the wall-both at the 
wall/furnace interface and the wall/ambient interface. 
These boundary conditions are 
(5) 
T.v(dw, t, = T,v, outside (7) 
Equation (4) states that the strip temperature at the top of 
the furnace remains unchanged during a transient. Equa- 
tion (5) is derived by assuming that the gas flow at the 
base of the furnace is negligible and hence is ignored. This 
sets the value of v’ in equation (2) to be zero also, 
eliminating the spatial derivative term. Equation (6) is 
simply the standard wall boundary condition accompany- 
ing equation (3), while in equation (71, the outer boundary 
condition for the wall, T,, outside, is set to be equal to 40°C 
with the wall thickness d, = 280 mm. 
3. Model formulation 
A combination of finite-difference methods is used to 
solve this problem. In the furnace, when evaluating the 
temperatures of the strip, gas, and wall at discrete furnace 
points, two second-order methods are used: the second- 
order upwind method, 
?I n+‘= +-c)zy*+c(2-c)T,“, 
(8) 
and the Lax-Wendroff method, 
T, n+’ = ;,(1+ c)7;“, + (1 -c”)? 
-;c(l-c)T;,, (9) 
with the Courant number, c = u At/Ax. The second-order 
upwind method is used on the zonal boundaries, and the 
Lax-Wendroff method is used within each zone. The grid 
spacing is chosen to vary between zones, because the 
zones are of differing lengths as can be seen in Figure 3. 
Zone 7 is nearly twice the size of zones 5 and 6, while 
zones 2, 3 and 4 are all of slightly unequal length. During 
the development of the solution method, it was found that 
using a constant grid spacing throughout the whole furnace 
led to large discrepancies around the zonal boundaries. An 
optimal grid spacing for the furnace is one in which the 
grid spacings vary by as little as possible from one zone to 
the next. 
The opposite directions of motion of the strip and the 
gas means that the new strip and gas temperatures for 
these must be solved separately in their respective direc- 
tions of motion. Stability constraints require that the time 
interval be very small (of the order of 100 ms). The 
nonhomogeneous right-hand sides of the equations and the 
variable gas velocities in the furnace have a slight effect 
on the accuracy of the results, but not a significant one. 
Further details on the choice of the solution method can be 
found in Marlow.” 
Because of the differences in the directions of motion 
and the nonhomogeneity of the right-hand side of the 
equations, the form of the finite-difference methods are, 
for the second-order upwind method, 
T,,“+’ = -;c,(l-~s)T;+2 +cs(2-c,K;+, 
+ ;(I - c,)(2 - c,)T,; + At(RHS,);, 
L 
for the strip, and 
T,;+ ’ = - &.(I - c,)T,;_~ + 42 - c,)T& 
+ ;(I - cg)(2 - c,)T,; + At(RHS,);, 
for the gas, and for the Lax-Wendroff method, 
T,;+ ’ = - ;,,(I - c,)T,;_, + (1 - c,z)T,; 
+ At(RHS,);, 
for the strip and 
T,;’ ’ 
1 
= p&l + c,)T,;_ 1 + (1 - c:)T,; 
1 
- zcp(l - c,)T,;+, + At(RHS,);, 
for the gas. The Courant numbers are c, = I V, I At/Ax 
and cg = Vg At/Ax, and RHS, and RHS.s represent the 
parameters on the right-hand sides of equations (1) and (2), 
respectively. 
For the wall, a finite-difference method for the one-di- 
mensional diffusion equation is used. The steady-state 
model for the furnace assumed that the wall was adiabatic; 
however, studies by Marlow” showed that the transient 
effect of the heat built up in the wall had a large influence 
on the heat transfer in the furnace (confirming the empiri- 
cal observations of the line operators). The grid spacing for 
the wall is doubled from the wall/furnace interface to the 
wall/ambient interface. The reason for this is that the wall 
section closest to the furnace has the largest influence on 
the heat transferred in the furnace. The heat flux from the 
wall is crucial in determining temperature variation during 
transients. Further away from the wall/furnace boundary, 
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Figure 3. Furnace showing 39 point grid. 
the effect is much weaker because the low thermal diffu- 
sivity of the wall prevents the heat from moving quickly 
through the furnace. Therefore, a grid spacing doubling in 
size accurately models the transfer of heat through the 
wall. The form of the finite-difference method for equation 
(3) is 
,;+’ = 2&T,“_ 1 + (1 - 3S,)T,” + S,T,“, , 
for k = 1, K - 1 where 
( 10) 
4 K,& 
s,=-7 
3 CAY,) 
where y, is the grid spacing in the wall for the kth value 
in the wall. For the remaining values, T,” is calculated 
from equation (6) using the (n + 11th values of the strip 
and gas temperature and Ti from equation (7). A diagram 
showing a typical grid spacing for the furnace is shown in 
Figure 3. 
For the stability of the system, S, Q i, and cs, ca < 1. 
The size of the time interval is updated at every time step, 
such that the program runs at optimal speed within these 
stability constraints. 
To obtain the solution, initial conditions are required. 
These are provided by results from the steady-state anneal- 
ing furnace model described in Martire. The furnace 
parameters for the previous coil are input to the steady-state 
program, and the results are output to a file that is speci- 
fied in the input to the transient program. Values such as 
those for the strip, gas, and wall temperatures, gas flow 
rates, and heat transfer coefficients at each discrete point in 
the furnace are input to the transient program as the initial 
conditions for the equations. The user is also prompted for 
the initial position of the weld in the furnace as well as the 
times at which to change the line speeds and gas flow 
rates, if desired. Using this information, the program is 
able to show the variation of the boot strip temperature, 
T,(O), with time, for however long the operator wishes the 
program to run. 
4. Numerical results 
The predictions of the computer program based on the 
above equations are compared with actual data from BHP’s 
No. 2 galvanizing line for several types of transients 
involving cycle changes as well as section changes for 
both hard and soft iron cycles. Hard iron cycles are those 
for which coils are heated to below its recrystallization 
temperature to retain its hardness (400-SOO”C), whereas 
soft iron cycles involve heating the coil such that the steel 
is recrystallized and is hence more formable (600-700°C). 
The line operators, who are responsible for the running 
of the line, must be well informed of the operating condi- 
tions of the line, particularly the running of transients. The 
operators would use the model to assist in their handling of 
transients when they occur. Paulus et al.” explain some 
procedures for dealing with such transients including the 
implementation of cycle and section changes. A knowl- 
edge of these procedures is essential with or without the 
model and would also complement the successful running 
of the model. 
The first two comparisons of the line data against the 
model are for the two types of cycle changes: hard iron to 
soft iron and soft iron to hard iron. The line operators must 
adjust the line speeds and/or gas flow rates in order to 
ensure that the set point temperature (i.e., the desired boot 
strip temperature for the new coil) is reached as quickly as 
possible. For a soft to hard iron cycle change, an increase 
in the strip section will assist in the faster reduction of the 
temperature. Similarly, a decrease in the strip section will 
assist a large temperature increase for a hard to soft iron 
cycle change. The model takes the initial values as pro- 
vided by the steady-state program for the relevant tempera- 
tures and other parameters and then uses the finite-dif- 
ference methods explained previously to calculate the new 
values as the transient occurs in the annealing furnace. 
Figures 4-9 display the results of the comparisons 
between the line data and the data output from the model. 
In all figures, the dashed line signifies the line data and the 
solid line indicates the model output. All figures show the 
change of the boot strip temperature over time when the 
transient occurs in the furnace. The comparison of the line 
data against the model for the hard to soft iron cycle 
change is graphed in Figure 4, and the comparison for the 
soft to hard iron cycle change in Figure 5. 
Figure 4 shows a rapid rise in the boot strip tempera- 
ture from around 470°C to around 630°C initially before 
levelling off to approximately 640°C after a few minutes. 
The decreased section of the new coil and the lower line 
speed result in the large increase in the temperature over a 
short period of time. The model results show a similar 
shape in the temperature curve with a slight lull in temper- 
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Figure 4. Comparison for hard to soft iron cycle change. 
ature before the combination of the lower line speed and 
decreased strip section, as well as a slightly higher gas 
flow rate, leads to the large temperature increase. 
The line data and model results for the soft to hard iron 
cycle change case are compared in Figure 5. The decrease 
in the gas flows causes the initial drop in the strip tempera- 
ture at the base of the furnace, and then the appearance of 
the weld in the furnace causes the further drop to the 
typical hard iron cycle temperature value. The model 
follows a similar pattern, first with the decrease in the gas 
flows and then the increased section in the furnace result- 
ing in the temperature drop. The model assumes a step 
change in gas flows rather than a change over time result- 
ing in the discrepancy shown. The actual line data for this 
example involved several changes in gas flows over the 10 
min interval shown, which is currently not allowed for by 
the model. An extension of the model to include some 
feedback from the line every few seconds is under consid- 
eration. 
The remaining comparisons of the model against the 
line data are for section changes only, which involve no 
significant change in strip temperature and no change in 
the metallurgical properties of the steel. The first two 
520 r 
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Figure 5. Comparison for soft to hard iron cycle change. 
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Figure 6. Comparison for hard iron cycle section increase. 
diagrams are for hard iron cycle steel and the remaining 
two for soft iron cycle steel product. 
Figure 6 shows the case of a section increase for a hard 
iron cycle coil. The strip thickness is increased from 2.5 to 
3.2 mm, i.e., an increase of about 25%, which causes a 
dramatic drop in the strip temperature. To compensate for 
this, a combination of a 17% line speed decrease and a 6% 
gas flow increase leads the strip temperature to return to 
the desired value. The model is able to simulate this 
change well, although the operator must provide the infor- 
mation on where the weld is initially and when to change 
the other parameters. Here it is obvious from the similarity 
of the shapes of the temperature curves that the model is 
successful in predicting the change in the boot strip tem- 
perature with time. 
The predictive potential of the model is more clearly 
shown in Figure 7. The curves are noticeably different in 
this example. The model curve drops to a very low temper- 
ature before returning to near the initial value. The line 
data indicate an initial fall, followed by the large rise 
caused by the presence of the weld, then a further drop to 
near the desired temperature, followed by another fall due 
to an increase in line speed, and finally a rise due to the 
3- 
I- 
‘I 
/ 
s6cfbn change : hard-iron . deaeaung 
?“I dimensions : 2.40 x 1097 A> 2.M) x 1093 mm 
\ I *\ line speed : 25% 1ncr6ese 
I 1 
I 1 
gas flows. 594 ., 677 m’tlr 
I I 
I 
120 240 360 460 600 
bme (5) 
Figure 7. Comparison for hard iron cycle section decrease. 
38 Appl. Math. Modelling, 1996, Vol. 20, January 
Annealing furnaces for transient operations: D. 0. Marlow 
770 - 
section change solt-~ron - inaeasing 
dimenstons 0 75 x 917 .a 1.00 x 978 mm 
750 - 
line speed : 73.9 -> 51.2 rru’min 
gcrs flow : 5.3% llueas8 
3 . 
‘T 730 _ 
65oJ..“‘l”““““““““‘.“.1 
0 60 120 180 240 300 
hrlw (5) 
Figure 8. Comparison for soft iron cycle section increase. 
increase in gas flows. The difference is due to a deliberate 
choice in the model of increasing the line speed well 
before the weld passes through the furnace and then 
allowing the increased gas flow and reduced section of the 
strip to return the temperature to the required value. From 
the line data, it appears that the weld passed through the 
furnace during part of the line speed change forcing the 
strip temperature into the “danger zone” for nonprime 
hard iron steel. The line data then indicate that the gas 
flow rate is reduced back to the original value (before the 
new coil came through) and the line speed increased 
further to force the strip temperature back to a more 
realistic hard iron cycle temperature. The steel coil that the 
results are shown from here may well have been nonprime. 
If the model had been used there would have been no 
danger of the steel overheating because prior to the coil 
passing through the furnace the model could have indi- 
cated the time to change the line speed and gas flow rates 
relative to the distance of the weld from the top of the 
furnace. The model could then be followed by the opera- 
tors and the danger of producing nonprime steel mini- 
mized. In this example the operator had to adjust both the 
line speed and gas flows three times; the model indicates 
that these parameters, if set correctly, need only be changed 
once. 
secmn change : soft-mn - deaessrq 
dimenwons 0.9 x 1223 -> 0.8 x 1134 
line sped : 58.7 -z 64.7 m/mm 
gas flows undrafl9ed 
630 
62otl...,,‘.,...l.....‘,.. ,I.,,,,’ 
0 120 240 360 480 600 
tlme (5) 
Figure 9. Comparison for soft iron cycle section decrease. 
The final two figures display the results for section 
changes for a soft iron cycle run. Figure 8 shows the 
comparison of line data against the model for a section 
increase, and Figure 9 shows the comparison for a section 
decrease. The line data in Figure 8 show an initial large 
increase due to the decrease in strip speed, followed by the 
60°C drop in temperature due to the new coil passing 
through the furnace. A further strip temperature increase 
follows this due to the extra decrease in line speed in order 
to raise the temperature to the new desired value. In the 
model the line speed and gas flows were changed by their 
full amount first causing the temperature to rise substan- 
tially initially. The presence of the weld then resulted in 
the strip temperature falling to near the new set point 
temperature. This example again shows how the model can 
be used to predict the change of boot strip temperature 
with time in the furnace. For the model in this case, it is 
seen that the position of the weld should be set closer to 
the top of the furnace than it actually is or else the steel 
will overheat and possibly become too soft for the applica- 
tion for which it is required. The smoothness of the model 
can again be seen because it does not allow for minor 
variations in gas flows and strip section etc. that occur in 
the furnace. 
The final example for a section decrease on a soft iron 
cycle is shown in Figure 9. The line data show an increase 
in the line speed causing an initial drop in the boot strip 
temperature followed by a sharp rise due to the new 
narrower coil passing through the furnace. The model data 
show a very similar profile, with perhaps a slight overesti- 
mation of the final strip exit temperature. The position of 
the weld at the start of the program run that was given to 
the model seems to be close to the actual distance from the 
top of the furnace as shown in the line data results. 
5. Conclusion 
This paper describes a mathematical model for an anneal- 
ing furnace during transitions to new coils. The model 
successfully predicts the furnace conditions during tran- 
sients and is to be used by BHP in an off-line capacity to 
complement other faster but less accurate on-line furnace 
models. The implementation of both this and the on-line 
models, together with a metallurgical model and automatic 
control, on all six of BHP Steel Sheet and Coil Products 
Division’s galvanizing lines is expected to result in sub- 
stantial annual savings for BHP in the cost of lost prime 
product. 
Nomenclature 
B radiosity (W/m’) 
cP 
specific heat (J/kg/K) 
2 
Courant number 
thickness (m) 
h enthalpy (J/kg) 
H heat transfer coefficient term (W/m/K) 
k thermal conductivity (W/m/K) 
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1 
ii 
P 
4 
Q 
s 
t 
T 
4 v 
W 
x 
Y 
length (m) 
mass flows (kg/s) 
gas addition rates (kg/m/s) 
perimeter (m) 
convective heat flux (W/m*) 
heat absorbed per unit length (W/m) 
diffusion number 
time (s) 
temperature (K) 
velocity (m/s) 
width (m) 
furnace co-ordinate 
inside wall co-ordinate 
Greek letters 
strip Qgs 
; :ilQ s 
coefficient (W/m/K4) 
coefficient (W/m/K4) 
Y h, coefficient (W/m/K4) 
K wall thermal diffusivity (m’/s) 
I-L strip Qpw coefficient (W/m/K4) 
gas Q coefficient (W/m/K4) 
wall &p coefficient (W/m/K4) 
P density (kg/m3) 
Subcripts 
ad at adiabatic flame temperature 
g gas 
@ from gas to strip 
gw from gas to wall 
s strip 
W wall 
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